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SUMMARY 
We have measured the oxidat ion-reduct ion potential  of parsley ferredoxin 
and its derivative in which the two atoms of labile sulfide have been replaced by  sele- 
nide. The values are - -o .416 V (25 °, pH 7.94) and - -o .378 V (25 °, pH 8.14) for the 
sulfur and selenium derivatives, respectively. Both  values show a slight negative 
dependence on pH. 
The ferredoxins of both plant  and bacterial origin are noted for their unusually 
low redox potentials. The chloroplast proteins accept only a single electron from 
strong reducing agents such as dithionite and the viologen dyes while the bacterial 
ferredoxins accept two electrons apparent ly  into two distinct centers (ref. I contains 
a compilation of data  on stoichionletry, cf. ref. 2). 
I t  is now known that  the chloroplast ferredoxinsa, 4, adrenodoxinS, 6, and 
putidaredoxin6,: contain a single active center which consists, in part, of 2 atoms of 
iron and 2 atoms of labile sulfur. Recently,  the labile sulfur of parsley ferredoxin has 
been replaced by selenium and the resulting protein found to be biologically active, 
to accept only a single electron from dithionite, and to possess spectroscopic proper- 
ties very similar to the native protein 3. We report  here the results of our studies on the 
redox potentials of parsley ferredoxin and the derivative in which both atoms of 
labile sulfur are replaced with selenium. 
Parsley ferredoxin was prepared as previously described a, while the selenium 
protein was prepared as follows: a three compar tment  anaerobic vessel containing, 
in the first compar tment  apoprotein prepared by trichloroacetic acid precipitation 
and a 2o-fold molar  excess of dithiothreitol, in the second a 3-fold molar excess of 
ferric citrate, and in the third compar tment  a 3-fold molar excess of elemental selenium, 
was carefully evacuated and filled with hydrogen gas. The sidearm containing the 
selenium was then gently heated with a flame about the size of tha t  from a match.  In 
this way it was possible to reduce all of the Se(o) to Se ( - - I I )  and transfer it to the 
* Present address: Department of Chemistry, Rensselaer Polytechnic Institute, Troy, 
N.Y. (U.S.A.}. 
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protein solution as H2Se. The iron solution was then mixed in, completing the reaction 
mixture. The remainder of the preparation is as described previously 3. 
Measurements of concentrations of protein by spectrophotometry were based 
on the following extinction coefficients3 : oxidised parsley ferredoxin : e(422 nm) = 92oo, 
e(465 nm) = 83oo ; reduced parsley ferredoxin: s(422 nm) = 45oo, e(465 nm) = 36oo ; 
oxidised selenium-substituted parsley ferredoxin: s(44 o n m )  = 9ooo, s(49 o n m )  
= 8Ioo; reduced selenium-substituted parsley ferredoxin: s(44o nm) ~ 42oo, 
e(49 onm)  3700 I. mole -1. cm -1. 
Anaerobic spectrophotometric titrations of oxidised parsley ferredoxin and 
oxidised selenium-substituted parsley ferredoxin with NADPH were carried out with 
the apparatus of FOUST et al. 8, using a catalytic amount of spinach ferredoxin- 
NADP reductase (EC 1.6.99.4) 9 to mediate the reaction. For these titrations, NADPH 
(from P and L Biochemicals) was dissolved in o.oi M Tris base ; its concentration was 
determined spectrophotometrically using an ~(34 o n m )  of 62oo M-l ,cm -1. At the 
end of each titration, the pH of the reaction mixture was measured, and then an 
excess of solid sodium dithionite was added to completely reduce oxidised parsley 
ferredoxin or oxidised selenium-substituted parsley ferredoxin. The spectrum of the 
fully reduced material was recorded. 
Hydrogenase (EC I . I2.I . I )  was purified from crude extracts of C l o s t r i d i u m  
pas f e l~r ian~m as described by TAGAWA AND ARNON 1°. The reduction of oxidised 
parsley ferredoxin and oxidised selenium-substituted parsley ferredoxin by hydrogen 
and hydrogenase was carried out in stoppered spectrophotometric cuvettes equipped 
with a side arm. The cuvette contained oxidised parsley ferredoxin or oxidised 
selenium-substituted parsley ferredoxin in appropriately buffered solution and the 
side arm contained a small amount of hydrogenase. The cuvette was repeatedly 
evacuated and filled with hydrogen purified by treatment in a column of copper turn- 
ings at 42o °. During this process, the cuvette was kept near o °. After the sixth cycle of 
evacuation, the cuvette was filled with hydrogen and warmed to 25 °. The gas pressure 
in the cuvette was noted from a manostat in the gas line supplying the hydrogen. 
The reduction of oxidised parsley ferredoxin or oxidised selenium-substituted parsley 
ferredoxin was initiated by tipping hydrogenase from the sidearm, and followed to 
equilibrium by measuring the changes in the visible spectrum. The pH of the reaction 
mixture was determined at the end of the experiment. 
The results of typical NADPH titrations are shown in Fig. I. At the pH values 
for the experiments shown it is clear that a large excess of NADPH causes only a 
partial reduction of either oxidised parsley ferredoxin or oxidised selenium-substituted 
parsley ferredoxin. This indicates that the redox potentials for these proteins are 
substantially below that of the NADPH/NAD + couple. The solid lines in the figure 
are calculated from the equilibrium 
N A D P H  + 2 F d  fcrre:oxin NAI)P reductase , N A D P  + + 2 F d -  + H + (I) 
using Em7 = -- o.319 V (ref. II) for tile reduction potential of the NADPH/NADP+ 
couple, EvFa*  ~ --  o.416 V at pH 7.94 and EsePFa** = -- 0.378 V at pH 8.14. In the 
case of oxidised selenium-substituted parsley ferredoxin the lag in the titration 
* P F d ,  p a r s l e y  f e r r e d o x i n .  
** S e P F d ,  s e l e n i u m - s u b s t i t u t e d  p a r s l e y  f e r r e d o x i n .  
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suggests the presence of reducible impurities (@ ref. I2). The amount of NADP + 
formed in reducing this material was accounted for in the calculation of the line. 
The redox potentials of oxidised parsley ferredoxin and oxidised selenium- 
substituted parsley ferredoxin were also determined by reduction with hydrogen in 
the presence of hydrogenase, a method first used by TAGAWA aXt) ARNON TM to deter- 
mine the redox potential of spinach ferredoxin. The equilibrium 
H~ + 2 Fd  -hY(!r°genase~2H+ -4- 2 F ( 1 -  12t 
allows calculation of the redox potential of the ferredoxin. The observed pressure 
in the vessel minus the tabulated vapor pressure of water was taken as the pressure 
of hydrogen gas. The results of the NADPH titrations and hydrogen reduction experi- 
ments are summarized in Fig. 2 which shows the redox potentials for the two deriva- 
tives at various pH values. 
As expected the redox potentials for both proteins are quite low, and there 
is a slight dependence on pH. The redox potential of oxidised selenium-substituted 
parsley ferredoxin is some 5o mV higher than that  of oxidised parsley ferredoxin. 
The agreement between the values obtained from hydrogen reduction and NADPH 
titration is quite good for oxidised parsley ferredoxin, but it is less so for oxidised 
selenium-substituted parsley ferredoxin. The disparity may be explained by the fact 
that  the selenium derivative is not very stable and it spontaneously deeomp~)ses in 
the presence of oxygen (@ ref. z3). Even in the absence of oxygen the pH range in 
which the protein is moderately stable is much smaller than for oxidised parsley 
ferredoxin. For example, irreversible changes in the optical spectrum of oxidised 
selenium-substituted parsley ferredoxin occur above pH 8.5 while that  of oxidised 
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Fig. I. T i t r a t i on  of oxidised pa r s l ey  fe r redoxin  ( © ) and  oxidised se lenimn s u b s t i t u t e d  pa r s l ey  fer 
r edox in  ( 0 )  a t  p H  7.94 and  p H  8.14, respect ively,  w i t h  9.17 m M  N A D P H .  The  anaerob ic  cu v e t t e  
con ta ined  2.5 ml o. i  M NaCI, o.I  M p o t a s s i u m  p h o s p h a t e  buffer,  i F1 o.i  m M  fer redoxin  N A D P  
reduc tase ,  and  the  final c o n c e n t r a t i o n  of p ro te in  in the  two  e x p e r i m e n t s  was  4.87. ~o '; M oxidised 
pa r s l ey  fe r redoxin  and  4.13. lO -5 M oxidised s e l e n i u m - s u b s t i t u t e d  pa r s l ey  ferredoxin.  The  solid 
lines are ca lcu la ted  f rom the  equ i l ib r ium express ion  (I). 
Fig. 2. S u m m a r y  of r edox  po ten t i a l s  ob t a ined  for oxidised parsley, fer redoxin  by  NAI )P F t  t i t r a t ion  
([~), r educ t ion  b y  h y d r o g e n  (O)  and  for oxidised s e l e n i u m - s u b s t i t u t e d  pa r s l ey  ferrecloxin ob t a ined  
b y  N A D P H  t i t r a t ion  ( 0 ) ,  a t  va r ious  p H  values.  
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observations). I ts  stability under any conditions appears to depend critically on 
impurities from the reconstitution mixture and products of prior decomposition. 
Attempts were made to determine the redox p~tential difference by titrating 
mixtures of oxidised parsley ferredoxin and oxidised selenium-substituted parsley 
ferredoxin with dithionite in the presence of ferredoxin-NADP reductase and record- 
ing the circular dichroism spectrum of the system at various stages of reduction. 
Using the previously published circular dichroism data for the species involved 3 the 
circular dichroism spectra of the partially reduced mixtures of proteins were found to 
be consistent with the Se protein being reduced before ttre native material, but, due to 
the slow decomposition of the oxidised selenium-substituted parsley ferredoxin, 
a quanti tat ive interpretation was not possible. 
The oxidation-reduction properties of spinach ferredoxin have been rather 
extensively explored by a number of workers (cf. ref. 14 for a review). The work of 
TAGAWA AXD ARNON TM established the redox potential at pH 7.o to be --o.42o V and 
to be constant over the pH range 6. 7 and 8.2. Given the great similarity of the spinach 
and parsley proteins it is not surprising that  their redox potentials are identical within 
experimental error (Fig. 2). The slight dependence of the potential of oxidised parsley 
ferredoxin on pH may reflect small differences in the ionization properties of the 
oxidized and reduced forms of this protein. 
The redox potentials for putidaredoxin and its derivative have been reported~5: 
E . . . .  o.261 V and --0.245 V for putidaredoxin and Se-putidaredoxin, respectively, 
at pH 8.3. In addition, putidaredoxin shows a decrease in redox potential of about 
30 mV/pH above pH 7.5. The difference between the redox potentials of oxidised 
parsley ferredoxin and oxidised selenium-substituted parsley ferredoxin is much larger 
than that  reported for putidaredoxin but the direction of the change is the same. 
There are relatively few reports of the redox potentials of homologous inorganic 
complexes which contain sulfur or selenium. Thus, there is very little data on which 
to base any predictions about the effects of substituting selenium for sulfur. However, 
the increase in polarizability in going from sulfur to selenium suggests there may be 
a corresponding increase in the stabilization of Fe 2+ of reduced selenium-substituted 
parsley ferredoxin; this possibility is consistent with the observed increase in redox 
potential which requires that  in oxidised selenium-substituted parsley ferredoxin 
the reduced species is more stable, relative to the oxidized species, than it is in oxidised 
parsley ferredoxin. The very low redox potentials of this class of proteins, however, 
has no satisfactory rationalization. 
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